Abstract Agriculture is the key for achieving the United Nations sustainable development goals: food security and climate action. To achieve these targets "climate-smart" agricultural practices need to be developed. Life cycle assessment and product carbon footprints are well established and internationally recognized tools to assist the process of improving environmental performance. However, there is room for methodological improvement of agricultural life cycle assessments and product carbon footprints. For agronomists, it is widely known that crop rotations and crop residues do fulfill important agronomic functions, but they are not adequately represented in current life cycle assessment and product carbon footprint modeling practice. New methods tested in this study allow the inclusion of crop rotation effects and crop residues as co-products, whilst keeping at the same time the product focus. Product carbon footprints are calculated with and without consideration of these effects; results are compared. If crop rotations are considered, wheat bread, cow milk, and rapeseed biodiesel have lower product carbon footprints (− 11, − 22, and − 16%, respectively). The product carbon footprint of straw bioethanol significantly increases (+ 80%) when considering straw as an agricultural co-product instead of as waste. Ignoring crop rotation effects underestimates the annual greenhouse gas savings of EU-28 rapeseed biodiesel by 1.67 million t CO 2 e and 20%, respectively. Here, we demonstrate for the first time that crop rotations and straw harvest should be considered for the product carbon footprints of bread, milk, and first-and second-generation biofuels. Since crop rotations and straw harvest are performed worldwide, the findings are relevant to all regions in the world. Comparing crop rotations and identifying climate-smart agricultural practices without losing the production orientation are key challenges for environmental assessments of agriculture in order to achieve the challenging combination of the food security and climate action sustainable development goals.
Introduction
Agriculture is the key to achieving the United Nations (UN) sustainable development goals (SDGs): food security and climate Action. Population growth, climate change's impacts on agricultural yields, and reduced availability of arable land per capita ( Fig. 1 ) will lead to serious challenges in the coming decades. Besides being affected by climate change, agriculture itself has the potential to combat climate change (FAO 2010 (FAO , 2013 (FAO , 2015a Lipper et al. 2014 ). There is a need to build highly resource-efficient agricultural systems, providing higher yields with less inputs, e.g., fertilizers (Spiertz 2010) ; to develop and assess regionalized farming tactics to increase food production with no cost to the environment (Liu et al. 2016) ; and to perform sustainable intensification (Wezel et al. 2015) . Life cycle assessment (LCA) and product carbon footprints (PCFs) are appropriate tools for accurately estimating environmental burdens of farming activities (Schenck and Huizenga 2014; van der Werf et al. 2013) .
PCFs estimate greenhouse gas emissions of products and have already gained legal relevance and market importance, such as carbon footprint labeling of consumer products. Since PCFs use LCA methodology, they have the same methodological strengths and weaknesses as LCA. Concerning agriculture, standard approaches of these methodologies fail to consider differences among agricultural management options (Bessou et al. 2011 ), e.g., effects of crop rotations (Dury et al. 2012 ) and removing straw residues from fields ( Fig. 2) -two essential aspects of agricultural practice (Brankatschk and Finkbeiner 2015) . Fundamental challenges of integrating crop rotations and of co-product allocation in agricultural LCA are discussed in LCA community at least since the 1990s and since the 2000s, respectively. The magnitude of this gap has not yet been quantified.
Here, we apply two new Life Cycle Inventory methods for the inclusion of these essential agricultural aspects: first is the cereal unit allocation approach for allocating environmental burdens among agricultural co-products and products. The basis is the biophysical cereal unit, which is based on the animal nutritional value. The cereal unit allocation is applicable to animal and plant products, traditionally used in German agricultural statistics and, in 2014, proposed as an agriculturespecific denominator for co-product allocation . Second is the crop rotation approach, which combines system expansion and allocation within the Life Cycle Inventory in order to integrate effects among crop rotation elements. It is the first approach that allows considering crop rotation effects and, at the same time, maintaining the product focus of LCA (Brankatschk and Finkbeiner 2015) . Both of the methods are applied to show quantitative implications of excluding crop rotation effects and straw residues as co-products on the PCFs of wheat bread, cow milk, rapeseed biodiesel, and straw bioethanol.
Methods
For centuries, farmers have performed crop rotations to stabilize and improve yields (Wrightson 1921) . In contrast, current product LCA and PCF modeling practices assess individual agricultural crops within a 1-year system boundary (option 1). This limits the ability to consider effects between crops grown in temporal succession on the same field. Approaches for modeling nutrient shifts between crops exist (option 2) but are limited to a few macronutrients and are not widely used (Brankatschk and Finkbeiner 2015) . We apply an approach for including crop rotation effects into LCA/PCF (option 3) and compare its results to option 1.
Since the 1990s, LCA practitioners have recommended including crop rotations and their effects on soil into LCA (Audsley et al. 1997; Cowell and Clift 1995) . These effects are not limited from one to the succeeding year. The following ) is a function of global arable land and global total population. Arable land per capita has approximately halved from 0.415 ha/person in 1961 to 0.197 ha/person in 2012. The estimated increase of total global population (until 2100) will lead to a further decrease of arable land per capita. Thus, a further increase of agricultural productivity is needed to meet the future demand for food (FAO 2015b; United Nations 2015) crop rotation effects are rather relevant on a longer time frame: "facilitated timing of farming activities, improved phytosanitary conditions and reduced amounts of agrochemicals needed, reduction of the probability of harvest failures and improved conditions for soil organisms, improved soil texture, soil structure, root penetration and water availability, improved soil fertility and increased yields." (Brankatschk and Finkbeiner 2015) . To fill this gap, Brankatschk and Finkbeiner (2015) extended the system boundary to the entire crop rotation and used an agriculturespecific allocation approach to allocate all inputs of the crop rotation among all outputs of the crop rotation. This system boundary extension and allocation of inputs is performed during the data collection step of each LCA, the Life Cycle Inventory (LCI) (Brankatschk and Finkbeiner 2015) . The following steps are used within this approach:
1. "The crop-rotation system is identified … [and] the system boundary of the LCI (not that of the entire LCA study) is defined, including all elements around this crop-rotation system. The definitions of the functional unit and reference flow according to ISO 14040 (e.g. production of 1 t of wheat grain) thus remain unaffected …. 2. The agronomic inputs (seed, diesel fuel, energy, agrochemicals, fertilizer, etc.) of the entire crop rotation cycle including all crops grown in the crop rotation are quantified. 3. All outputs (including products, by-products, waste, leachate, emissions) of this crop rotation leaving the agricultural field are considered and quantified (i.e. tonnages of each individual product, such as wheat grain and the other products and co-products produced within the same crop rotation). 4. All agricultural outputs for each crop in the rotation are converted into Cereal Units …. 5. Allocation factors are calculated for each individual agricultural output of the entire crop rotation using the amounts given in Cereal Units …. 6. Using the allocation factors …, the sum of each agricultural input (seed, diesel fuel, energy, agrochemicals, fertilizer, etc.) is allocated among all individual agricultural outputs." (Brankatschk and Finkbeiner 2015) Since the 2000s, LCA practitioners have called for an agriculture-specific allocation approach, especially to overcome the problem of using different allocation approaches within the same agricultural system; doing so can over-or underestimate real burdens and is thus a source of uncertainty in agricultural LCAs (Curran 2007; S. Kim and Dale 2002; Lundie et al. 2007 ). To meet this demand, Brankatschk and Finkbeiner proposed the cereal unit allocation approach, which applies the established cereal unit from agricultural sciences to the methodology of life cycle assessment Mönking et al. 2010) . The cereal unit is a common denominator for all (animal and plant) agricultural products and co-products; it is calculated based on the nutritional value of the products to animals and continuously updated and has been used in German agricultural statistics since the 1940s . For the determination of a cereal unit (CU) conversion factor, the metabolizable energy content of different agricultural products is used and compared as a benchmark with the performance of barley. Therefore, 1 t of barley grains is equal to 1.00 t CU. As wheat has better animal nutritional parameters, 1 t of wheat grains is equal to 1.04 t CU. A detailed explanation of the calculation steps and a list of conversion factors for more than 200 agricultural products were published by Brankatschk and Finkbeiner (2014) .
Straw residues are agricultural co-products and influence soil structure, soil texture, and populations of soil organisms. They protect soil against erosive impacts of water and wind; they improve hydrological properties for infiltration and water runoff and enhance porosity, water retention, gaseous fluxes, heat fluxes, and availability of macro-and micronutrients; they provide habitat and nourishment source for soil organisms (Brankatschk and Finkbeiner 2015) . Thus, straw residues contribute to important soil quality parameters and consequently affect soil fertility and yields. As a consequence, harvested straw should be considered as a co-product in environmental assessments. Straw, remaining on the field, contributes to soil functions and does not cross system boundaries; therefore, remaining straw is not considered as a co-product. A differentiation is required between harvested straw and straw, remaining on the field.
The following procedure was performed to assess the influence of considering crop rotations and straw residues in results of PCF. First, existing LCA or PCF studies were identified for wheat bread, cow milk, rapeseed biodiesel, and straw bioethanol. Since nitrogen fertilization is one of the largest contributors to agricultural greenhouse gas (GHG) emissions (Berthoud et al. 2012) , it was used as the key variable. In the context of this study, the amount of nitrogen fertilizer was varied, whereas types of nitrogen fertilizers and emission factors remained unaffected. Other parameters (e.g., other fertilizers, processing, and transport) were fixed to exclude their influence on PCF results. Second, numerical contributions of nitrogen fertilization to the product's PCFs were identified and verified whether the PCFs did consider crop rotation effects. Third, the nitrogen fertilization, needed for the specific crop, was calculated using the previously explained crop rotation approach and the proportional deviation from the amount of nitrogen fertilization needed for the 1-year cropping system was calculated. Fourth, the GHG emissions related to the nitrogen fertilization of the 1-year system within the original PCFs were replaced by the respective GHG emissions for the system including crop rotations. Fifth, the PCF considering the crop rotation effects is obtained. This procedure aims at making differences between PCFs, using current methodology versus new methods visible. To some extent, this can be considered as sensitivity analysis for current modeling practice versus new methods.
Reference studies
Several PCF studies exist for each of the selected products, but identification of the most accurate one for each product lay beyond the scope of this work. Selected PCFs should rather be understood as estimates and benchmarks for comparing current modeling practice to the proposed modeling approaches that consider crop rotations and crop residues.
Wheat bread has a PCF of approximately 460 g CO 2 e/kg (Braschkat et al. 2004) . Approximately 57% of its GHG emissions relate to the agricultural stage (Braschkat et al. 2004 ) and 75% of them to nitrogen fertilization (Berthoud et al. 2012) . Therefore, 43% of its GHG emissions (approximately 200 g CO 2 e/kg) are directly related to nitrogen fertilization.
Cow milk has a PCF of approximately 1240 g CO 2 e/L, of which 510 g CO 2 e/L is associated with feed production (Müller-Lindenlauf et al. 2014) . Assuming that 75% of the agricultural production relates to nitrogen fertilization of feed crops (Berthoud et al. 2012) , approximately 380 g CO 2 e/L is directly related to nitrogen fertilization.
Rapeseed biodiesel has a PCF of 46 g CO 2 e/megajoule (MJ) (RED 2009 ). Approximately 62% of its GHG emissions relate to the agricultural stage and 82% of them to nitrogen fertilization (11.0 g CO 2 e/MJ) and nitrous oxide emissions (12.5 g CO 2 e/MJ). The typical GHG reduction potential of rapeseed biodiesel is 45% compared to fossil diesel, based on the legally binding value of 83.8 g CO 2 e/MJ (RED 2009).
Straw bioethanol has a PCF of 11 g CO 2 e/MJ (RED 2009). For its agricultural production phase, the EU Renewable Energy Directive (RED) states: "agricultural crop residues, including straw…, shall be considered to have zero lifecycle greenhouse gas emissions up to the process of collection of those materials" (RED 2009). Thus, 0.00 g CO 2 e/MJ is used for the agricultural stage. The entire burden of wheat production is allocated to wheat grain, the main product. To calculate a PCF that includes agricultural emissions, the agricultural stage was modeled using the BioGrace calculation tool (see below); typical GHG emissions from the RED were added for processing (5 g CO 2 e/MJ) and transport (2 g CO 2 e/ MJ) (RED 2009).
Integrating crop rotation effects and crop residues in PCF results
GHG calculations and intermediate calculations for both biofuels are performed using the BioGrace tool, version 4d. This Microsoft ® Excel-based calculation tool entails a harmonized GHG calculation methodology along the entire biofuel supply chain, including calculation of direct and indirect nitrous oxide emissions following the IPCC Tier 1 approach. BioGrace is recognized by the European Commission for calculating GHG emissions of biofuel production in compliance with the EU RED (BioGrace 2015). LCIs were generated for wheat (W), barley (B), rapeseed (R), and pea (P). Crops were chosen due to their relevance for European agriculture; wheat and barley represent two thirds of the EU-28 cereal production, rapeseed is the main feedstock for biodiesel production, and pea was chosen as nitrogenfixing plant. The crops are modeled both as individually grown (i.e., 1-year system boundary; Table 3 ) and as elements of a crop rotation (R-W-P-W-B; Table 2 ). Mean yields and nutrient compositions of crops and crop residues were obtained from agricultural statistics and agricultural planning tables for Germany and other parts of Europe. In practice, crop rotations are often more complex than the chosen example. A mathematical representation of different crop rotation types helps considering complex rotations. Brankatschk and Finkbeiner (2015) clarify calculation procedure for complex rotations.
Integration of crop rotation effects is tested for the PCFs of bread, milk, and biodiesel. For bread production, wheat grain is considered as an agricultural raw material. For milk production, barley grain, wheat grain, wheat straw, and rapeseed meal are considered inputs. For biodiesel production, rapeseeds are considered as a raw material. Consideration of crop rotation effects is performed using the previously mentioned method that takes place during Life Cycle Inventory only: firstly, extending the system boundary to the entire crop rotation, and secondly, allocating all inputs of the crop rotation among the outputs of the crop rotation using an agriculturespecific allocation approach-i.e., the cereal unit (Brankatschk and Finkbeiner 2015) . The resulting amount of nitrogen fertilizer per ton of each agricultural product entails the crop rotation effects. For the examples of bread, milk, biodiesel, and bioethanol, we assumed 1% of the straw to be harvested and 99% of the straw remaining on the field (Table 1 ). This amount of nitrogen fertilizer was used in the PCF calculation, resulting in PCFs of bread, milk, and biodiesel that consider crop rotation effects.
Attribution of environmental burdens to straw residues was tested for the PCF of straw bioethanol. For straw bioethanol production, wheat straw is considered an agricultural raw material. Whereas 1% straw harvest was assumed for the crop rotation part of the study, here, we assumed 100% of the straw being harvested and considered as a co-product. Using the cereal unit allocation approach , we calculated the amount of nitrogen fertilizer per ton of wheat straw (Table 1) . This amount corresponds to the nitrogen demand used in the PCF calculation, resulting in a PCF that includes straw residues with environmental burdens.
Results are compared to PCFs based on current modeling practice, which ignores crop rotation effects and crop residues.
Results and discussion
Remarkably different PCFs were found for wheat bread, cow milk, and rapeseed biodiesel, even though only nitrogen input was used as a variable. If crop rotations are considered, bread, milk, and rapeseed biodiesel have lower PCFs (− 11, − 22, and − 16%, respectively) compared to current modeling practice (1-year systems) (Fig. 3) . If straw is considered as a co-product, straw bioethanol has a significantly higher PCF (+ 80%) than it does under the current modeling practice (Fig. 3) .
With an exception of nitrogen inputs, other parameters were fixed, in order to exclude their influence on PCF results. The differences presented mainly refer to the methods tested and to the aspects of crop rotation effects and crop residue allocation, which become measurable via the tested methods. Each method brings limitations. During application of the methods, some advantages and disadvantages were observed, which are shortly discussed below. An extensive method discussion would go beyond the scope of this paper. The advantage of the cereal unit allocation is the common denominator for assessing animal and vegetable products, which allows performing farm LCAs without changing the allocation approach. It helps avoiding unintended double counting or non-accounting of environmental interventions. Due to the physical relationship, based on animal feeding trials, the cereal unit allocation has a high ranking in the ISO hierarchy for allocation approaches. Whereas more than 200 cereal unit conversion factors do exist, they are only valid for German conditions. For use in other regions in the world, new conversion factors need to be calculated, which limits the applicability of the cereal unit allocation approach. The major advantage of the crop rotation approach is incorporation of crop rotation effects into LCA results whilst, at the same time, allowing product-based assessments. Temporal and spatial aspects of agricultural systems are taken into account. Hereby, product LCAs become able to represent whether the agricultural raw materials originate from improved crop rotations. Disadvantages of this method are additional data requirements for the entire crop rotation and additional workload for the LCA practitioner. Furthermore, the environmental interventions are attributed among all products according to the performance principle-when using the cereal unit as allocation, the animal nutritional value determines the allocation of environmental interventions. This also implies the attribution of interventions to all crop rotation elements, whereas these interventions may not occur for each of the elements in the crop rotation. For certain situations, e.g., for N fertilization of legumes, the combination of different ways of attributing burdens to crops may also serve as an interesting option; this aspect is explained in Goglio et al. (2017) . Table 1 Overview of agricultural raw materials, considered for production of wheat bread, cow milk, rapeseed biodiesel, and straw bioethanol. Comparison of specific nitrogen inputs (kg N/t agricultural raw material) for the modeling options: "1-year systems" vs. "crop rotations" and "straw as waste" vs. "straw as co-product." Compared to the current modeling practice, specific nitrogen inputs are lower when considering crop rotations and higher when considering straw as a coproduct
The following subsections are focusing at considering crop rotations (3.1), considering crop residues (3.2), and sustainable agricultural practices (3.3).
Impacts of considering crop rotations
Wheat grain assessed in 1-year system boundaries has a nitrogen input of 22.03 kg N/t (Table 3) . When considering crop rotation effects, the nitrogen input is equal to 16.70 kg N/t wheat grain (Tables 1 and 2 ). Thus, the PCF of bread decreases from 460 g CO 2 e/kg by 50 g CO 2 e/kg to 410 g CO 2 e/kg, a decrease of 11% (Table 1, Fig. 3 ). Barley grain assessed in 1-year system boundaries has a nitrogen input of 19.94 kg N/t. When considering crop rotation effects, the nitrogen input is equal to 16.06 kg N/t barley grain, a decrease of 19% (Tables 1 and 2 ). Wheat straw assessed in 1-year system boundaries (and 1% straw harvest scenario) has a nitrogen input of 9.11 kg N/t (Tables 1and 3) .Whenconsidering crop rotation effects (also 1% straw harvest scenario), the nitrogen input is equal to 6.91 kg N/t wheat straw, a decrease of 25% (Table 1) . Rapeseeds assessed in 1-year system boundaries have a nitrogen input of 45.15 kg N/t (Table 3) . When considering crop rotation effects, the nitrogen input is equal to 20.88 kg N/t rapeseeds (Table 2) , a decrease of 54% (Table 1) . Based on these results, a reduction of 30% of nitrogen inputs for the feedstuffs has been applied. Thus, the PCF of milk decreases from 1240 g CO 2 e/L by 270 g CO 2 e/L to 970 g CO 2 e/L, a decrease of 22% (Table 1, Fig. 3) .
The 1-year system boundaries assessed for rapeseeds of 45.15 kg N/t nitrogen input (Table 3) show a good match with data from BioGrace of 44.14 kg N/t, which strictly follows the RED, and therefore represent European data (BioGrace 2015). Hence, BioGrace models individual crop growth within a 1-year system boundary; neither nitrogen transfer to subsequent crops nor crop rotations are considered. If crop rotation effects are considered, the nitrogen input is equal to 20.88 kg N/t rapeseeds (Table 2 ), a decrease of 54% (Table 1 ). The PCF of rapeseed biodiesel decreases from 46 g CO 2 e/MJ due to the reduced amount of nitrogen fertilizer by 5.8 g CO 2 e/MJ and due to the reduced direct and indirect nitrous oxide emissions by 1.7 to 38.5 g CO 2 e/MJ, a decrease of 16% (Table 1, Fig. 3 ). In terms of GHG savings, the potential of 45% GHG reduction increases by 9 to 54% GHG reduction. Accordingly, the annual GHG savings of EU-28 rapeseed biodiesel consumption (approximately 6.0 million t rapeseed biodiesel) increases from 8.44 million t CO 2 e by 1.67 million t CO 2 e, or 20%, to 10.11 million t CO 2 e.
PCFs of bread, milk, and biodiesel are lower when including crop rotation effects, as some nitrogen remains as crop Fig. 3 Comparison of product carbon footprints (PCFs) for wheat bread, cow milk, rapeseed biodiesel, and straw bioethanol using current modeling approaches: 1-year systems vs. crop rotation and straw as waste vs. straw as a co-product. Considering crop rotations leads to lower PCFs (bread, − 11%; milk, − 22%; biodiesel, − 16%) and considering waste as a co-product to higher PCFs (straw ethanol, + 80%) residues on the field and serves as fertilizer for subsequent crops. In contrast, within 1-year systems, total nitrogen demand is modeled as a fertilizer input, ignoring transfers of nitrogen between crops. Even though approaches for modeling nitrogen transfer from one crop to subsequent crops do exist, they apparently were not used in any of the PCF studies referenced (Berthoud et al. 2012; BioGrace 2015; Braschkat et al. 2004; Müller-Lindenlauf et al. 2014; RED 2009) . Interactions between crop rotation elements, such as nutrient flows, effects of soil organisms, and soil fertility, were identified as influencing PCF results. Moreover, crop rotations can improve soil nutrient resources and efficiency of nutrient use and even reduce the need for manure and chemical fertilizers (Łukowiak et al. 2016 ). These effects occur over longer time period than 1 year. Within the crop rotation planning, farmers do explicitly consider effects of individual crops. As team players contribute to the success of a team, individual crops contribute to the performance of the entire crop rotation. Current modeling practice does not distinguish between crops grown in rotations, in monoculture or in 1-year systems without nutrient transfer between crops. Thus, there is limited ability to compare environmental impacts of crops grown in different crop rotation systems; however, this ability is necessary to identify crop rotations with lower environmental impacts, to assist farmers in identifying "climate-smart" farming practices and to move towards both sustainable development goals: food security and climate action.
Impacts of considering crop residues
Following the European legal definition for PCF calculation of biofuels, straw residues have a nitrogen input of 0.00 kg N/t wheat straw (RED 2009); the GHG emissions of straw bioethanol are equal to 11 g CO 2 e/MJ. We recalculate a PCF that considers straw residues as the co-product of wheat production. Here, we assume 100% of the harvest-ready straw being harvested (put by the combine harvester on a windrow, collected by a straw baler) and applied the cereal unit allocation that expresses the animal nutritional value . Using the BioGrace tool, we calculate emissions of 1943.8 kg CO2e/ha wheat and yields of 7640 kg wheat grain/ha, 6110 kg wheat straw/ha, and a nitrogen input of 168.84 kg N/ha. One kilogram wheat straw is used to produce 0.29 L straw bioethanol (Seungdo Kim and Dale 2004) or 6.173 MJ straw bioethanol/kg wheat straw; thus, 37,717 MJ straw bioethanol/ha is produced. Applying the cereal unit allocation to wheat grain (75.1%) and wheat straw (24.9%) , we calculate an environmental burden of 12.83 g CO 2 e/MJ straw bioethanol for the agricultural stage. After including the emissions of processing (5 g CO 2 e/MJ straw bioethanol) and transport (2 g CO 2 e/MJ straw bioethanol) (RED 2009), the total PCF is equal to 19.83 g CO 2 e/MJ straw bioethanol. Hence, the GHG emissions of straw bioethanol rise by 8.8 g CO 2 e/MJ, from 11 to 19.83 g CO 2 e/MJ, Data were obtained from Albrecht and Guddat (2004) , BioGrace (2015), BMEL and BLE (2015), Brankatschk and Finkbeiner (2014) , Eurostat (2015) , Eurostat and European Union (2007) (2015) an increase of 80% (Table 1 , Fig. 3 ). In terms of GHG savings, the potential of 87% GHG reduction compared to fossil fuel decreases by 11 to 76% GHG reduction (see Fig. 4 ). The RED requires allocating zero environmental burden from the agricultural phase to straw (RED 2009). According to ISO 14044, "it is necessary to identify the ratio between co-products and waste since the inputs and outputs shall be allocated to the coproducts part only (ISO 14044 2006) . Hence, in an LCA and PCF context, the RED treats harvested straw as waste. This is not in line with the international LCA and PCF standards ISO 14040, 14044, and 14067 (Brankatschk and Finkbeiner 2015) . The RED definition means that the amount of straw necessary to produce a given amount of bioethanol is irrelevant to the latter's PCF. Consequently, there is no incentive to use resources efficiently. In addition, important functions of straw seem to be disregarded, such as those for animal bedding, animal nutrition, and improvement of soil fertility (Brankatschk and Finkbeiner 2015) . The overall relevance of crop residues to protection against erosion, nutrient recycling, carbon sequestration, humus balance, activity and diversity of soil organisms, holding capacity for nutrients and water, soil fertility, and thus future yields seems to be ignored (Brankatschk and Finkbeiner 2015; Lal 2005 Lal , 2009 .
Considering straw as waste in PCF calculations of biofuels could be politically motivated to promote non-food bioenergy feedstocks, avoid debates about food versus fuel, or provide an advantage to non-food-based biofuels when estimating reductions in GHG emissions. Another explanation could be a lack of understanding of the need to distinguish between harvested straw and remaining straw. Two systematic advantages are granted to straw-based biofuels. Firstly, they carry zero environmental burden from the agricultural stage, and secondly, their burden is allocated to their food-grade co-products. Food cropbased biofuels are hereby systematically disadvantaged. However, this approach seems unbalanced, because unlimited straw harvest affects soil fertility and, thus, future yields, including food yields on the same field.
Certain amounts of straw might be available for harvesting without affecting soil fertility (Gabrielle and Gagnaire 2008) . These amounts depend on local conditions, may vary sharply, and should be defined in collaboration with soil scientists. A parallel line can be drawn to von Carlowitz's (1713) book about reforestation, Silvicultura Oeconomica. It underlines the need for the balance between timber harvest and growth, formulating in this context the term sustainability. We contend that this principle should be transferred to straw harvest. Sustainable amounts of straw harvest should be defined that do not negatively affect long-term soil fertility and that ensure future yields. Furthermore, straw harvest practices may influence long-term soil carbon changes; increasing carbon in agricultural soils serves as carbon sink, whereas decreasing carbon content in soils leads to a release of carbon to the atmosphere. This aspect is not considered within this study.
Life Cycle Inventory methods for assessing sustainable agricultural practices
Within this work, two new Life Cycle Inventory methods are applied and tested, i.e., the cereal unit allocation approach and the crop rotation approach (Brankatschk and Finkbeiner 2015) . To ensure their compatibility with attributional LCAs, they should be Fig. 4 Comparison of product carbon footprints (PCF) of straw bioethanol: harvested straw considered as waste (calculation based on the EU Renewable Energy Directive; RED rules) vs. harvested straw considered as coproduct (calculation based on ISO rules). The PCF of fossil diesel (obtained from the RED) serves as benchmark. The greenhouse gas (GHG) saving potential of straw bioethanol deviates 11 percentage points (87 vs. 76%) conformed to existing international LCA standards, e.g., ISO 14040 and ISO 14044.
ISO 14044 provides a hierarchy for dealing with multi-output processes (ISO 14044 2006) : first, avoiding allocation via subdivision of processes in subprocesses or expanding the product system-which is hardly feasible for agricultural production processes that characteristically do have multiple outputs and would cause additional uncertainties Lundie et al. 2007 ); secondly, using physical allocation; and if not feasible, thirdly, applying economic allocation. The cereal unit allocation is based on animal nutritional value and therefore uses physical connections as basis for allocation . The cereal unit allocation has been developed to overcome the co-product allocation challenge of agricultural production processes and serves as an agriculture-specific biophysical allocation approach. It is therefore in line with the ISO standards for LCA. Following the ISO hierarchy, higher priority should be given to biophysical allocation approaches compared to economic allocation. Aiming to include effects among crop rotation elements into attributional LCA, the crop rotation approach has been developed. It introduces a supplementary step into the existing LCI and does not affect other stages of LCA. It purposefully combines the wellknown product system expansion (to the level of the entire crop rotation) with an agriculture-specific allocation approach. It can be applied with any allocation approach that serves as a common denominator for the agricultural products. In this study, the cereal unit has been used as the common denominator. Accordingly, the crop rotation approach is compatible to the ISO. Further details are provided in Brankatschk and Finkbeiner (2015) . Therefore, both of the methods are in line with ISO 14044 and compatible to attributional life cycle assessments for agricultural systems.
Another important standard is the AGRIBALYSE method (Koch and Salou 2016) . The AGRIBALYSE program started in 2009 and can be considered as a methodological standard in France. Herein, the French Environment and Energy Management Agency (ADEME) collaborates with a number of French and international organizations aiming to provide a consistent LCI database of French agricultural products. AGRIBALYSE databases are already publicly available and continuously updated. Background data are obtained from the ecoinvent database (version 3.1). The system boundary ends at farm gate, and therefore, primary processing of agricultural raw materials is excluded-e.g., grain milling and oilseed crushing. AGRIBALYSE defines an LCA assessment period of 1 year (harvest to harvest for plant production; January to December for livestock or permanent crops). When using the crop rotation approach, the same system boundary can apply at the LCA level, because the crop rotation approach only refers to the LCI. Hence, the tested crop rotation approach could assist future AGRIBALYSE versions in integrating crop rotation effects. With regard to the consideration of crop residues, i.e., straw, AGRIBALYSE suggests allocating the environmental burden among wheat grains and wheat straw using the economic allocation, acknowledging wheat straw is being harvested on 16% of the area and a wheat straw yield of 577 kg dry matter per ha. This is in line with the argumentation, provided in the previous section on impacts of crop residues and the need to allocate environmental burdens to harvested straw. But, the limited availability of straw prices prevents AGRIBALYSE from performing this allocation step in its current version (Koch and Salou 2016) . The proposed cereal unit allocation as a biophysical allocation approach can overcome this problem of data availability and has even higher priority in the ISO allocation hierarchy. AGRIBALYSE already uses biophysical allocation approaches for livestock production. Using a biophysical allocation approach as well for plant products would be consistent within AGRIBALYSE. In that context, the cereal unit allocation can serve as a universal approach for both animal and plant production.
Comparison of methods tested within this paper and AGRIBALYSE method shows accordance with regard to the ISO standards. The concept of using biophysical relationships, which is the core of cereal unit allocation, is already partly integrated within AGRIBALYSE for livestock production and could be easily transferred to plant production, which even solves limitations in data availability and allows consistent co-product and crop residue allocation.
For centuries, crop rotations have been fundamental tools for securing and increasing yields (Wrightson 1921) . To meet the challenges of future food provision and combating climate change, it is certain that crop rotations will gain additional relevance. There is urgent need to help farmers identify crop rotations that both reduce environmental impacts and respect the production function of agriculture. Reliable and accurate tools are needed to fulfill this task. Apart from considering nutrient carryover via crop residues (Nemecek et al. 2011) , current modeling practice is not able to compare environmental burdens of different crop rotation options at the product level (Alföldi et al. 1999; Brankatschk and Finkbeiner 2015; Nemecek et al. 2011) . Usually, crops are individually modeled in a 1-year system boundary, even though the need for improvement has been recognized since the 1990s (Brankatschk and Finkbeiner 2015; Cowell and Clift 1995; Flisch et al. 2009 ). To make LCA and PCF methodology capable of supporting agricultural planning and drawing well-founded decisions towards sustainable agricultural practices (Pelletier 2015) , it is necessary to represent differences caused by different crop rotations (Brankatschk and Finkbeiner 2015) .
The methods applied confirm a production-oriented performance principle in LCA and PCF. They use the agriculturespecific cereal unit, which is based on animal nutritional value . It serves as a common denominator for all agricultural products and co-products and a variety of production systems. The animal nutritional value reflects future demand for food and feed better than the economic value or lower heating value used in the current LCA and PCF modeling . By allocating environmental burdens to the same target, comparisons of different agricultural production systems become more reliable. In particular, comparing crop rotations and identifying climate-smart agricultural practices without losing the production orientation of agricultural systems are key challenges for environmental assessments in the next few decades-formulated in the sustainable development goals: food security and climate action. Similarly, potential impacts on soil fertility, and thus on future yields, of the crop residues left after harvesting should be given a closer look. This is in line with the overall trend in LCAdevelopment towards life cycle sustainability assessment (LCSA) that includes the environmental, economic, and social dimensions of sustainability Finkbeiner et al. 2010; Guinée et al. 2011) .
Conclusion
This study demonstrates the influence of modeling practices and methodological weaknesses on environmental assessments of bioeconomy products such as food, feed, fiber, and biofuels. Crops were modeled either as 1-year systems or as crop rotations, and straw was treated either as waste or as a coproduct. To date, these options have received little attention by PCF users or LCA practitioners. This study quantifies the impacts of different modeling options on PCF results. Hereby, sustainability scientists, political decision-makers, and the general public gain insights into challenges of modeling agricultural production systems. In order to quantify the relevance of methodological choices and to derive information on the sensitivity of crop rotations and crop residues to LCA results, further case studies should be carried out and published.
The influence of potentially political decisions on PCF calculations, such as allocating zero environmental burden to straw used to produce bioethanol in Europe, is made visible. Consequently, environmental impacts of many agricultural products may be over-or underestimated. It is likely that public perception, political decisions, and even emission reporting of entire countries are affected. This study suggests that the ignoring of crop rotation effects leads to underestimation of annual GHG savings of rapeseed biodiesel in the EU-28 by 1.67 million t CO 2 e. For comparison, total biofuel GHG savings in Germany is equal to 5 million t CO 2 e. Because crop rotations are performed around the globe, the findings are relevant for environmental assessments of agriculture in every region of the world.
The tested modeling approach for crop rotations reveals as a real alternative to current modeling options and hereby supports the development and identification of sustainable agricultural practices. Without inclusion of crop rotation effects, environmental advantages of improvements in agricultural practices enabled by crop rotations would remain undetected. To keep pace with future needs and trends in agriculture and agricultural policies, crop rotations must be considered in LCA and PCFs.
We strongly recommend further testing and improvement of these methods, since they will be essential for evaluating the impacts of various agricultural management options. Reliable and meaningful assessment tools will be needed to help agriculture achieve the challenging combination of the SDGs food security and climate action.
